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R18Visuomotor Control: Not So Simple
Insect LocomotionObservations of locusts walking on a horizontal ladder demonstrate that front
leg movements are targeted by visual and antennal cues, suggesting
sophisticated motor control mechanisms for these seemingly simple animals.Roy E. Ritzmann
Insect locomotion has been the subject
of both biological and biorobotics
research for decades. The often stated
reason for this interest is that insects
are regarded as simple systems.
The extreme view places them in the
category of reflexive organisms with
simple unsophisticated nervous
systems that we can surely come to
understand and copy in engineered
vehicles. The fact that we do not yet
completely understand how insects
walk and have never completely
captured their agility in any robotic
vehicle suggests either that they are
not that simple or that the people
who study them are. As I have spent
a good part of my life studying insect
locomotion, I prefer the former
explanation.
The reality is that insects have
sophisticated brains that work with
reflex systems in their thoracic ganglia
to generate adaptive movements.
Neurobiological studies often rely on
tethered or restrained preparations
that permit detailed recordings of
sensory, motor and reflex properties.
These investigations have allowed us
to make remarkable progress in
understanding local control systems.
We must not forget, however, that
the real behaviors that they serve
are much more variable and complex.
Just as a brain-lesioned cat braced
to walk on a treadmill does not
capture the actions of a cat at play,
so an insect tethered over a ball will
demonstrate only a fraction of the
adjustments it could produce were it
free to move in its natural environment.
This agility clearly is enhanced by
sensors located on the head that
provide information on the complex
environment in which the insect
normally exists.
Niven et al. [1] report in this issue of
Current Biology an excellent example
of how an insect visual system guides
adaptive movement through natural
terrain. They tested the notion that,
in the locust, foot placement isguided by visual as well as
mechanosensory cues. Certainly it is
well accepted for mammalian systems
that visual guidance is required for
foot placement on discontinuous
surfaces [2–5]. But the notion that
insects do likewise had not been
considered. Thus, in a clever set
of experiments, the authors used
high-speed video systems to examine
leg movements of locusts walking on
a horizontal ladder. The discontinuous
rungs of the ladder would generate
large numbers of errors had foot
placement not been guided by
sensory systems. Even with the
antennae rendered useless,
however, the front legs are placed
accurately onto rungs of varying
distances; even if the leg misses,
it quickly re-targets the rung
for correct placement.
Because the antennae in this test
were tied back, the logical source of
guidance is from visual systems. To
test the role of visual guidance, the
authors painted over one of the two
compound eyes and found that the
placement of the leg on the same side
as the occluded eye now made more
errors, while the contralateral leg did
not. Thus, the leg is clearly being
targeted by visual information from the
ipsilateral eye. It turns out, however,
that antennal information is also
important: removal of the antennae,
either by themselves or in conjunction
with eye covering, also results in an
increase in targeting errors of the front
legs. So, the locust does what any
sophisticated animal would do: it uses
all of the sensory information at its
disposal to make agile and accurate
movements.
The study also addresses the
question of when the evaluation
of substrate is made. The locust
could determine rung distance
before moving its legs and then
use ballistic or open-loop control to
place its leg properly, or it could
monitor the rung position during
the movement in a closed-loop
manner while continuously updatingits actions. By changing the distance
of the rung during the movement,
the authors demonstrated that
once a swing commences, the
insect does not correct for altered
rung distance.
What does this say about the neural
organization of insects? Certainly,
it suggests that they are not simple
reflexive automatons. In this sense,
Niven et al.’s [1] conclusions are
consistent with other studies that
demonstrate active guidance in
insects. Visual cues are used to
guide fruit flies as they traverse
substantial gaps [6]. Mechanosensory
cues from antennae are used by both
stick insects and cockroaches to
negotiate gaps or blocks placed in
their path [7,8]. Indeed, upon
encountering a substantial barrier,
cockroaches will begin to rear up
well before making contact with
anything other than their antennae
(Figure 1) while the height of that
movement is determined by the
dimensions of the block [8,9]. Niven
et al.’s [1] observation that locusts
guide foot placement based on
visual and antennal inputs further
suggests that brain circuits may be
integrating information before
generating appropriate stepping
adjustments. Similarly, cockroaches
use antennal contact to decide to
either climb over or tunnel under
a shelf but do so in the context of
visual information. While there
is currently no evidence that
cockroaches target leg
movement visually, these nocturnal
insects are predisposed to seek
shelter in the light so that tunneling
is much more prevalent than
climbing, while in the dark the
choices are essentially equal.
These differences are eliminated
in the light if the simple eyes (ocelli)
are covered [8].
These complex forms of guidance
suggest that more than simple
reflexes are involved in evaluating
terrain. Sure enough, damage to an
area of the insect brain called the
central complex compromises
the cockroach’s ability to negotiate
a U-shaped track [10], and this
region receives a wealth of
sensory data including antennal
and visual (cockroach) [11] polarized
light (locust) [12] and visual,
mechanosensory and chemosensory
(bees) [13] inputs.
Figure 1. Cockroach locomotion.
Four frames from a high-speed video image, each at 50 ms interval from previous frame,
showing the movement of the front leg as it lifts off to reach the top of the block. Note that
in the second frame, the front leg is already lifting off the substrate well before contact with
the block with anything other than the antenna. The swing progresses through the remaining
frames. Ultimately, the leg came down on the top of the barrier without having ever contacted
the front surface.
Dispatch
R19How can the visual and antennal
cues of the locust (or other insect
systems) re-direct leg movement to
accurately target the rungs of the
horizontal ladder? Ultimately, the
leg trajectory is controlled by local
reflexes and pattern generators in
the thoracic ganglia [14–16].
However, these systems can exist
in several states. For example,
inter-joint reflexes will reverse when
a stick insect walks backward [17].
Similar reflex reversals can be
generated in cockroach by
eliminating all connections
descending from the brain [18].
Thus, in a reasonable model,
sensory information integrated
in brain regions such as the central
complex influences descending
commands that adjust local reflexes
so that the front leg swing movement
accurately places the tarsus (foot)
onto the next rung.The realization that these seemingly
simple animals actually possess quite
sophisticated control systems may be
disconcerting to the investigator that
hoped for a quick understanding of
motor control. I would argue, however,
that it actually makes insects much
more useful as models for vertebrate
systems and as inspiration for robots.
Insects and vertebrates appear to have
converged on similar robust control
mechanisms. Moreover, they represent
the very adaptive properties one would
hope to capture in useful autonomous
robots that can negotiate dangerous
environments. It just means that in
order to model insects’ adaptive
behaviors, we must consider the
entire nervous system (both the brain
and the thoracic ganglia) and we must
observe behaviors both under tractable
reduced situations and more natural
complex terrain as Niven et al. [1]
have done in this paper.References
1. Niven, J.E., Buckingham, C.J., Lumley, S.,
Cuttle, M.F., and Laughlin, S.B. (2010). Visual
targeting of forelimbs in ladder walking locusts.
Curr. Biol. 20, 86–91.
2. Mohagheghi, A., Moraes, R., and Patla, A.
(2004). The effects of distant and on-line
visual information on the control of
approach phase and step over and
obstacle during locomotion. Exp. Brain
Res. 155, 459–468.
3. Reynolds, R.F., and Day, B.L. (2005). Visual
guidance of the human foot during a step.
J. Physiol. 569, 677–684.
4. Reynolds, R.F., and Day, B.L. (2005).
Rapid visuo-motor processes drive the
leg regardless of balance constraints.
Curr. Biol. 15, R48–R49.
5. Wilkinson, E.J., and Sherk, H.A. (2005). The
use of visual information for planning
accurate steps in a cluttered environment.
Behav. Brain Res. 164, 270–274.
6. Pick, S., and Strauss, R. (2005). Goal-driven
behavioral adaptations in gap-climbing
Drosophila. Curr. Biol. 15, 1473–1478.
7. Blaesing, B., and Cruse, H. (2004). Stick
insect locomotion in a complex environment:
climbing over large gaps. J. Exp. Biol. 207,
1273–1286.
8. Harley, C.M., English, B.A., and Ritzmann, R.E.
(2009). Characterization of obstacle negotiation
behaviors in the cockroach, Blaberus
discoidalis. J. Exp. Biol. 212, 1463–1476.
9. Watson, J.T., Ritzmann, R.E., Zill, S.N., and
Pollack, A.J. (2002). Control of obstacle
climbing in the cockroach, Blaberus
discoidalis I. Kinematics. J. Comp.
Physiol. A 188, 39–53.
10. Ridgel, A.L., Alexander, B.E., and
Ritzmann, R.E. (2007). Descending control
of turning behavior in the cockroach,
Blaberus discoidalis. J. Comp.
Physiol. A 193, 385–402.
11. Ritzmann, R.E., Ridgel, A.L., and Pollack, A.J.
(2008). Multi-unit recording of antennal
mechanosensitive units in the central
complex of the cockroach, Blaberus
discoidalis. J. Comp. Physiol. A 194,
341–360.
12. Heinze, S., Gotthardt, S., and Homberg, U.
(2009). Transformation of polarized light
information in the central complex of the locust.
J. Neuorosci. 29, 11783–11793.
13. Homberg, U. (1985). Interneurons of the central
complex in the bee brain (Apis mellifica, L.).
J. Insect Phsyiol. 31, 251–264.
14. Burrows, M. (1996). The Neurobiology
of an Insect Brain (Oxford: Oxford University
Press).
15. Bu¨schges, A. (2005). Sensory control and
organization of neural networks mediating
coordination of multisegmental organs for
locomotion. J Neurophysiol. 93, 1127–1135.
16. Bu¨schges, A., and Gruhn, M. (2008).
Mechanosensory feedback in walking: from
joint control to locomotory patterns. Adv.
Insect Physiol. 34, 194–234.
17. Akay, T., Ludwar, B.C., Goritz, M.L.,
Schmitz, J., and Bu¨schges, A. (2007).
Segment specificity of load signal
processing depends on walking
direction in the stick insect leg
muscle control system. J. Neurosci.
27, 3285–3294.
18. Mu, L., and Ritzmann, R.E. (2008). Interaction
between descending input and local thoracic
reflexes for joint coordination in cockroach
turning: I. Descending influence on thoracic
sensory reflexes. J. Comp. Physiol. A 194,
293–298.
10900 Euclid Avenue, Department of Biology,
Case Western Reserve University, Cleveland,
OH 44106-7080, USA.
E-mail: roy.ritzmann@case.edu
DOI: 10.1016/j.cub.2009.11.012
